Introduction
Dimensions of xylem conduits of plants are known to vary seasonally within given ranges, representing an adaptive compromise between the need to supply water to leaves and to avoid cavitation in xylem water conduits (Tyree and Zimmermann 2002) . For several decades after Dixon and Joly (1894) proposed the cohesion-tension theory for the ascent of sap, xylem conduits were considered to be either in their functional state when transporting water with conductivity (K h ) dictated by their diameter and length (Tyree and Zimmermann 1971) or dysfunctional when blocked because of cavitation/embolism (Tyree and Sperry 1989) . In recent years, it has been suggested that K h of xylem also varies depending on changes in sap solute concentration (Zwieniecki et al. 2001 ). The effect was originally observed by Zimmermann (1978) who recorded a continuous significant decline in K h when deionized water was perfused into stems and K h restoration when this fluid was replaced by tap water. Zwieniecki et al. (2001) interpreted such short-term variations in K h as an effect of cations on the pectic matrix of inter-conduit pit membranes. In particular, cations were thought to increase the neutrality of polygalacturonanes causing their de-swelling with a consequent increase in size of the inter-conduit pit membrane pores. This would, in turn, increase the overall xylem K h . Conversely, K h would decrease when pit membranes are more hydrated because of pectin swelling resulting in smaller pores.
This ionic effect has been confirmed by other studies on several woody (Van Ieperen et al. 2000 , Boyce et al. 2004 , López-Portillo et al. 2005 , Gascò et al. 2007 ) and herbaceous species (Nardini et al. 2007a) . Data reported in the cited studies are consistent with the hypothesis of a role of pectin swelling and de-swelling underlying the recorded changes in K h in response to the ionic composition of the perfusion solution and were attributed to the hydrogel nature of pectins in the inter-conduit pit membranes and to the interference of cations with these polysaccharides (Ryden et al. 2000 , Ridley et al. 2001 . However, the question has been raised as to whether the ionic effect is an artifact due to pectin swelling caused by the deionized water used as the reference fluid (Van Ieperen and Van Gelder 2006, Van Ieperen 2007) . In this case, initial K h would be underestimated and the ionic effect overestimated. Parallel experiments, however, have confirmed that the ion-mediated increase in K h persisted even when using reference fluids with solute concentrations similar to those of native xylem sap (Nardini et al. 2007b) .
Furthermore, Gascò et al. (2006) and Nardini et al. (2007b) have reported higher ion-mediated increases in K h (ΔK h ) in embolized stems than in fully hydrated stems with a positive correlation between ΔK h and the extent of xylem embolism. For example, stems of Laurus nobilis L. (laurel) subjected to an increasing percent loss of K h (PLC up to 70%) showed an exponential increase in ΔK h as a result of perfusion with 100 mM KCl. The hydraulic effect of the ionic solution on K h was +40% at PLC = 20% and +120% for PLC as high as 70%. Even more diluted solutions like 15 mM KCl enhanced K h of embolized stems (by about 43% at PLC = 75%). The exponential response of ΔK h to PLC was explained on the basis of the increasing number of inter-conduit pit membranes that must be crossed by water along the stem to bypass embolized conduits. In other words, the ion-mediated ΔK h in a stem would increase with larger radial flows imposed by increasing xylem embolism. Salleo and Lo Gullo (1993) measured PLC values of 50 to 75% in Laurus nobilis stems during summer drought in Sicily. Assuming a transient increase in [K + ] to, say, 15 mM in the xylem sap of laurel stems , a ΔK h of +43% in stems at PLC = 70% might substantially alleviate the loss of K h due to embolism. One further consequence of the ionic effect would be that PLC as it is commonly measured might not reflect the actual decrease in water and nutrient supply to leaves. Tyree et al. (1999) recorded xylem sap osmolarities in Laurus nobilis stems increasing from about 20 to 50 mOsm kg -1 after air-injection-induced xylem embolism and during refilling that was paralleled by increased [K + ]. This finding suggests osmotically driven xylem refilling, although the authors noted that the recorded increase in solute concentration was insufficient to explain the restored xylem function occurring within 20 min after embolism. The cited studies on the effect of cations on ΔK h provide a possible alternative interpretation of the data reported by Tyree et al. (1999) and indicate that plants can partly compensate for a loss of xylem conductivity by increasing the K h of functioning conduits by secreting more cations into the xylem sap.
At present, experimental evidence for a role of changes in ionic concentration in xylem sap in regulating K h in planta is limited. Zwieniecki et al. (2004) 
Materials and methods

Plant material
All measurements were performed in the spring (April) and summer (July) of 2007 on 1-year-old stems collected from adults (more than 20 years of age) of three woody species growing on the campus of the Faculty of Sciences, University of Messina, Sicily. The April and July measurement dates were selected because they correspond to the periods when plants are well hydrated after the Mediterranean rainy winter (April) and when plants are under drought stress during the hot dry summer (July). Two evergreens and one deciduous tree were studied: Ceratonia siliqua L. (carob, a Mediterranean sclerophyllous evergreen), Phytolacca dioica L. (an evergreen from South America) and Platanus orientalis L. (oriental plane-tree, a deciduous tree native to the eastern Mediterranean). During the study, trees were not irrigated and received only natural precipitation, which was 70 mm in April and 0 mm in July (data from SIAS, Regione Sicilia).
Seasonal changes in leaf gas exchange and water potential
Leaf conductance to water vapor (g L ) and leaf water potential (Ψ L ) of each species were measured in April and July 2007 between 1200 and 1400 h on two consecutive sunny days (photosynthetic photon flux > 1500 µmol m -2 s -1 ) on sun leaves from the SE-exposed crown. We measured g L in at least 20 leaves per species with a steady state porometer (LI-1600, Li-Cor, Lincoln, NE) equipped with a 200-mm 2 leaf chamber. Each measurement was completed within about 30 s. Leaf water potential was measured in seven leaves per species (in trees in which g L had been measured) with a pressure chamber (3005 Plant Water Status Console, Soil Moisture, Santa Barbara, CA). Leaves were detached from the plant and wrapped in plastic film to prevent water loss, and Ψ L was measured immediately.
Anatomical measurements
In both spring and summer, anatomical measurements were made to assess the length of stem samples where the majority of xylem conduits were intact, i.e., not cut at both ends. The rationale for this procedure was to select samples with a length combining the least hydraulic resistance and, hence, highest flow rates with the greatest number of inter-conduit pits to be crossed by the perfused solution (cf. Gascò et al. 2006) . One-year-old stems (10 stems per species), 5-7 mm thick (basal diameter) were collected between 0900 and 1000 h under deionized water to prevent embolization and transported immediately to the laboratory. They were first flushed at a pressure (P) of 0.19 MPa with deionized water to remove emboli and then injected with silicone (Rhodorsil RTV-141, Rhodia, Cranbury, NJ) mixed with a blue pigment (Pentasol, Prochima, Pesaro, Italy) at P = 0.5 MPa for 3 h (Sperry et al. 2005) . Silicone hardening was complete after 12 h for stems remaining in air. Samples were cut into 2-cm-long segments. Cross sections were prepared by hand with fresh razor blades and observed immediately with the aid of a microscope. Conduits filled with blue silicone were counted and referred to as the total number of conduits per section. The conduit length distribution was calculated with the equations reported by Sperry et al. (2005) . Based on the anatomical observations, the length of stem samples containing at least 60% of intact conduits in both spring and summer was 14, 8 and 6 cm for Ceratonia siliqua, Phytolacca dioica and Platanus orientalis, respectively. Hence, hydraulic measurements (see below) were performed on stem samples recut to match these lengths .
Seasonal changes in embolism and [K + ] in xylem sap
To check seasonal changes in the extent of cavitation-induced embolism in stems of each species, 1-year-old stems were collected in spring and summer (seven stems per species) and native percent loss of hydraulic conductivity (PLC) measured. Stems were collected between 0900 and 1000 h under deionized water (see above) and transported immediately to the laboratory where they were recut to the desired length (see above) and connected to a xylem embolism meter ( 2 -; and 0.01 mM F -. This perfusion fluid was selected to avoid spurious hydraulic effects caused by the use of deionized water and was considered to simulate the xylem sap ionic concentration better than fluids containing only one or a few cations (Nardini et al. 2007b ). The same reference fluid was used to prepare perfusion solutions containing increasing KCl concentrations (see below). All perfusion solutions were filtered to 0.1 µm to prevent conduit clogging by suspended particles. Samples were perfused at P = 9 kPa, and the initial K h (K h,i ) was calculated as:
where F is measured flow rate, P is the pressure difference driving the flow and L is the sample length. Samples were then flushed with the same solution at P = 0.19 MPa for 10 min to remove emboli, and K h was remeasured at P = 9 kPa. Preliminary experiments showed that this procedure was sufficient to restore maximum K h (K h,max ). Native loss of hydraulic conductivity was calculated as:
To check seasonal variations in [K + ] in xylem sap, sap samples were collected in spring and summer from 1-year-old stems by the vacuum chamber technique described by Améglio et al. (2004 ] was measured because this cation is the most abundant in the xylem sap, representing about 50% of total inorganic ion concentration (Watson et al. 2001 , Siebrecht et al. 2003 . Hence, K + was considered the most likely candidate for mediating in planta regulation of K h .
Ion-mediated changes in K h in fully hydrated and embolized stems
The magnitude of the ion-mediated increase in K h and its eventual dependence on sap solute concentration was first tested in fully hydrated stems by using KCl solutions at increasing concentrations (10, 25 and 50 mM) and comparing K h measured under KCl perfusion with K h measured under perfusion with a commercial mineral water. Stem samples were collected as described above and connected to the XYL'EM. Samples were first flushed with the reference solution (mineral water) at P = 0.19 MPa for 10 min to remove native emboli. The K h was recorded at P = 9 kPa with the reference solution and then sequentially with the saline solutions. The complete sequence of solutions was tested on seven stems per species per measurement date.
Ion-mediated enhancement of K h in embolized stems ) was measured in a second group of samples consisting of stems in which increasing xylem embolisms had been induced during bench dehydration. Three-year-old branches were excised and left to dehydrate in the laboratory for between 30 min and 7 h. Stem samples were excised from 1-year-old twigs and connected to the XYL'EM. The initial K h was measured at P = 9 kPa using the reference solution. Then, K h was remeasured using a 25 mM KCl solution (shown in preliminary experiments to nearly saturate the hydraulic response to K + , see below). Samples were then flushed with the reference solution at P = 0.19 MPa for 10 min, and PLC was calculated with Equation 2.
Results
The study species had high g L in both spring and summer ( Table Percentage loss of hydraulic conductivity (PLC) measured in 1-year-old stems of Ceratonia siliqua and Phytolacca dioica (Table 1) were higher in summer than in spring but with noticeable differences between species. In Ceratonia siliqua, spring PLC was negligible (< 10%), but it increased to over 40% by the summer. In Phytolacca dioica, spring PLC was as high as 20%, but it increased to only 30% in summer. In Platanus orientalis, PLC was low on both sampling dates, being about 10% in both spring and summer.
Anatomical measurements revealed that the mean length of conduits was higher in spring than in summer in Ceratonia siliqua and Phytolacca dioica, with the percentages of conduits shorter than 14 and 8 cm, respectively, being 60-65% in April and 80-85% in July (Table 2) . In Platanus orientalis, in contrast, the percentage of xylem conduits shorter than 6 cm was about 90% in spring and about 75% in summer ( Table 2) .
The hydraulic response (ΔK h ) to increases in [KCl] of the perfusion fluid (Figure 1 ) was first tested in stems fully hydrated with a multi-ionic solution (mineral water). Ceratonia siliqua showed no hydraulic response to the KCl perfusion treatments in the spring (closed circles, Figure 1) , whereas, in summer, ΔK h increased to +15% when stems were perfused with 10 mM KCl and to +20% when perfused with 50 mM KCl (open circles, Figure 1 ) with no statistically significant difference between 25 and 50 mM KCl. Stems of Phytolacca dioica showed similar increases in ΔK h with increased [KCl] in spring and summer with saturation of the hydraulic response (about +20%) at 25 mM KCl. In Platanus orientalis, no changes in K h were recorded in response to increased [KCl] of the solution perfused in the spring or summer.
The [K + ] of native xylem sap changed between spring and summer in all species studied but to different extents (Table 3) difference in K h between stems perfused with mineral water and stems perfused with KCl) and PLC measured in experimentally embolized stems was exponential in all species (Figure 2) . In particular, stems of Ceratonia siliqua with embolism corresponding to PLC < 10%, showed ΔK h of about +20%, which increased to about +110% for stems with PLC = 75%.
In Phytolacca dioica, ΔK h as a function of PLC showed a pattern similar to that in Ceratonia siliqua but with more scattered values (r 2 = 0.6). Nonetheless, ΔK h changed from about +25% for stems with PLC < 10% to about +65% for stems with PLC = 40-55%. The KCl-induced increase in K h was about +25% in stems of Platanus orientalis with PLC < 35%, whereas at PLC = 70%, ΔK h was as high as +160%. In all species studied, the response of stem K h to perfusion with 25 mM KCl was on average +25% for stems with PLC < 25%, whereas the largest ΔK h recorded was well over +100% (110-170%) when PLC exceeded 70%.
Discussion
Our data provide circumstantial evidence for an ion-mediated compensatory mechanism for cavitation-induced loss of xylem hydraulic conductivity, operating in planta, at least in the two evergreens studied. In summer, Ceratonia siliqua and Phytolacca dioica showed similar native embolism (Table 1) ] was only one half or less that of the two evergreens, with a parallel lack of detectable seasonal changes in PLC (Table 1) . Furthermore, there was no response of K h to increasing [KCl] in this species in either April or July (Figure 1) . The low PLC of Ceratonia siliqua stems in spring (PLC < 10%, Table 3 ) coincided with a zero response of K h to increasing KCl concentration in the perfusion solutions in the same period ( Figure 1 ) and with a sap [K + ] of less than 3 mM (Table 3).
The study species differed in seasonal patterns of leaf conductance to water vapor and water potential (Table 1) . Nonetheless, all species maintained high g L (over 400 mmol m -2 s -1 ) during the arid summer period, even though Ψ L fell below -2.0 MPa in Ceratonia siliqua and Phytolacca dioica and PLC increased between April and July (from 10 to 40% in Ceratonia siliqua and from 20 to 30% in Phytolacca dioica). Platanus orientalis apparently underwent no embolism-induced reduction in K h during the summer (PLC remained at 10% or less) and, accordingly, Ψ L never dropped below -1.1 MPa and g L did not change between April and July. The lack of a significant effect of stem PLC of 30-40% on g L in the two evergreens might be a consequence of their hydraulic architecture. Several studies have shown that the stem xylem represents at most 50% of the overall plant hydraulic resistance (Bogeat-Triboulot et al. 2002 ). More TREE PHYSIOLOGY ONLINE at http://heronpublishing.com commonly, the largest share of plant hydraulic resistance is located in the root system , Tsuda and Tyree 2000 , Nardini et al. 2003 or at the leaf level (Nardini 2001, Sack and Holbrook 2006) . In this case, even large changes in stem hydraulic conductivity would have little effect on the overall efficiency of water transport through the plant and, hence, a limited effect on g L (Meinzer 2002 ).
ION-MEDIATED ALLEVIATION OF LOSS OF XYLEM HYDRAULIC CONDUCTIVITY 1509
The recently discovered ionic effect offers an explanation for the lack of effect of increased PLC on g L . Increased residual K h mediated by changes in sap cationic concentration might provide a mechanism by which plants compensate for the embolism-induced decrease in K h , provided that: (1) K h is responsive to moderate changes in sap cationic concentration; and (2) the ionic composition of the xylem sap changes during periods of high xylem embolism. Gascò et al. (2007) measured the magnitude of the ionic effect on K h in three species growing in north-eastern Italy (Laurus nobilis, Prunus laurocerasus L. and Phyllirea latifolia L.), and reported speciesspecific saturation of the ionic effect at KCl concentrations ranging between 3 and 50 mM and a negative correlation between minimum air temperatures and ΔK h , with the highest ionic effect (ΔK h = +120% in Laurus nobilis) during winter frost when embolism was highest. Our data are in agreement with the results of Gascò et al. (2007) in that ΔK h was highest in summer when PLC was also maximal, which accords with the plants' habitat (Sicily) where the greatest water stress develops in summer because of high air temperatures combined with scarce rainfall. Stems of both Ceratonia siliqua and Phytolacca dioica showed ΔK h of the order of +20% when [KCl] of the perfused fluid was experimentally increased (Figure 2 ) and in the latter species, a ΔK h of about +15% was recorded even at the lowest [KCl] tested (i.e., 10 mM). No response of K h to changes in [KCl] and no summer increase in PLC were recorded in Platanus orientalis.
The different effects of increased ionic concentration of sap on K h in spring and summer may be related to anatomical changes in xylem conduit dimensions. Xylem conduits were shorter in summer than in spring in both Ceratonia siliqua and Phytolacca dioica ( Table 2 ). The ionic effect is enhanced whenever higher numbers of pits must be crossed by the solution flowing through the stem . Hence, the larger response of K h to increasing [KCl] of the perfused fluid in summer compared with spring is consistent with the concurrent decrease in mean xylem conduit length in the two evergreens. The species with shortest xylem conduits (Platanus orientalis) showed no response of K h to cation concentration, suggesting that structural or biochemical differences, or both, of the pectic matrix of pit membranes influence the ionic effect to a larger extent than the overall number of pits to be crossed by the flowing solution (Gascò et al. 2007 ).
Xylem sap [K + ] was relatively low in spring (3 to 9 mM) and was significantly higher in summer. The xylem sap [K + ] values that we recorded are close to those reported for woody , Siebrecht et al. 2003 ) and herbaceous species (Gollan et al. 1992 , Goodger et al. 2005 Andersen and Brodbeck 1989) and are considered to be related to changes in nutrient availability and internal plant nutrient relations (Marschner et al. 1996 , Macduff et al. 1997 ). Harvey and van den Driessche (1999) suggested that there is a positive effect of increased K + supply on drought resistance in poplars. From the PLC-dependence of the ionic effect observed in our study (Figure 2 ) and in accordance with the results of ] at the recorded PLC would cause an increase in residual K h of about 30%. Therefore, the actual reduction in water transport capacity of Ceratonia siliqua stems between spring and summer is about 20%. Similar calculations for Phytolacca dioica indicate that the loss of conductivity in stems of this species in summer would be only about 10%, and not 30% as suggested by laboratory measurements of K h made with a low-concentration perfusion fluid. The observed changes in ΔK h as a function of PLC, as well as the recorded seasonal changes in [K + ], thus suggest that the reduction in plant hydraulic conductivity in response to xylem embolism can be alleviated by increasing K h of still functioning conduits by synchronous increases in the ionic concentration of xylem sap.
The mechanism of the observed increase in xylem sap [K + ] in summer compared with spring in the two evergreens remains unexplained. It might be argued that xylem sap [K + ] was actively regulated by potassium extrusion from the phloem, as suggested by Zwieniecki et al. (2004) . In that case, the exchange of solutes between xylem and phloem would affect xylem functioning, providing an effective mechanism to up-regulate K h of partially embolized stems. However, the increase in [K + ] might also arise as a passive consequence of xylem cavitation. Summer xylem embolism reduces xylem flow rates. If we assume that the rate of cation uptake at the root surface remains unchanged, then cation concentration in the xylem sap would increase. In either case, the swelling and de-swelling of pit membrane pectins in response to changes in cation concentration would be adaptive in species growing in drought-prone environments.
We recognize that our data must be interpreted with caution, because we lack repeated and diurnal measurements in planta of sap cation concentration as related to PLC and ΔK h . However, the possibility that plants regulate xylem hydraulic con-ductance through nutrient uptake or internal redistribution, or both, provides new ways to gain a better understanding of resistance of plants to environmental stresses and establishes a stronger link between plant water relations and nutritional status.
